1. Introduction {#s0005}
===============

After being recruited from bone marrow to peripheral blood, monocytes enter tissues and differentiate into macrophages, the major cell lineage of the innate immune system [@bb0005]. By phagocytosis and the removal of infected microorganisms and cellular debris, macrophages can process and present antigens to initiate a specific immune response.

Sorafenib is a multi-kinase inhibitor capable of blocking the RAF/MEK/ERK pathway, the vascular endothelial growth factor receptors (VEGFR)-2 and VEGFR-3, platelet-derived growth factor receptor (PDGFR)-β, c-Kit, and FMS-like tyrosine kinase (Flt)-3 [@bb0010]. This drug has been approved for the treatment of advanced renal cell carcinoma [@bb0015], hepatocellular carcinoma [@bb0020], [@bb0025] and others [@bb0030]. Other than the anti-cancer activity, sorafenib has been reported capable of modulating the immunobiological activity of dendritic cells and a murine regulatory macrophage population secreting relatively high levels of anti-inflammatory interleukin (IL)-10 [@bb0035], [@bb0040].

Autophagy, known as type II programmed cell death, is a distinct cellular event [@bb0045]. Autophagy is characterized by the formation of autophagosomes and the degradation of intracellular organelles and materials within autophagosomes fused with lysosomes. The process occurs at a basal level and in response to stress, such as serum starvation, radiation, or pharmacological agents [@bb0050]. The pathophysiological significance of autophagy developed in macrophages remains controversial [@bb0055]. The role of autophagy in cell survival remains inconclusive. For example, cells undergoing starvation stress may process autophagy as a pro-survival event. Cancer treatments such as chemotherapeutics or radiation therapy may cause an anti-survival manner of autophagy.

In the present study, we investigated the effects of sorafenib on primary cultured human macrophages and revealed an autophagy-inducing activity of sorafenib on macrophages. The accompanying alteration of macrophage function was also examined.

2. Materials and methods {#s0010}
========================

2.1. Generation of human macrophages {#s0025}
------------------------------------

Macrophages were generated from human peripheral blood monocytes. Briefly, peripheral blood mononuclear cells were obtained from healthy donors by Histopaque density gradient centrifugation (Amersham, Buckinghamshire, UK). This study was approved by our institutional ethics committee. Erythrocytes were lysed by treatment with 0.9% ammonium chloride. Subsequently, CD14^+^ cells were purified by high-gradient magnetic sorting using the miniMACS system with anti-CD14 microbeads. The purity of isolated CD14^+^ monocytes was more than 90% according to flow cytometric analysis. Macrophages were generated from CD14^+^ monocytes by culture in an RPMI 1640 medium supplemented with 10% fetal-calf serum every 3 days for 6 days in a humidified 5% CO~2~ incubator. Various concentrations of sorafenib (Bayer, Leverkusen, Germany), which were dissolved in dimethyl sulfoxide (DMSO), were added at the beginning of the CD14^+^ cell cultures to evaluate the effects on macrophages. In some experiments, macrophages were activated by adding LPS (100 μg/mL) for a further 24 h. In each experiment, an equal amount of DMSO was added as a vehicle control.

2.2. Cell viability {#s0030}
-------------------

Trypan blue could not be uptaken into viable macrophages that had intact cell membranes. To assess cell membrane integrity, cells were counted on day 7 after treatment with various concentrations (0, 2.5, 5, 7.5, and 10 μM) of sorafenib using the trypan blue (Gibco) dye exclusion method. In another set of experiments, cells were counted on days 1, 3, and 5 after treatment with 7.5 μM sorafenib. Cells were collected using 0.25% trypsin (Sigma) solution and were washed with PBS. Equal volumes of cell suspension and 0.4% trypan blue solution were mixed to count the number of viable cells.

2.3. Flow cytometric analysis for CD80, acridine orange staining, and reactive oxygen species production {#s0035}
--------------------------------------------------------------------------------------------------------

Dual-color immunolabeling was performed using fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-conjugated monoclonal antibodies (mAbs). The mouse anti-human mAbs IgG1:FITC and appropriate isotype controls were purchased from Serotec (Oxford, UK) and used for anti-CD80 (for IgG-FITC). Macrophages were incubated with saturating concentrations of primary CD80 mAbs followed by IgG-FITC at 4 °C for 30 min. After washing twice with PBS, 10^6^ cells were applied to a FACS caliber flow cytometer (BD Biosciences, San Jose, CA). Data were collected and analyzed using CellQuest Software (BD Biosciences). For acridine orange staining, macrophages were stained with acridine orange (10 ng/mL) for 15 min and subjected to flow cytometry. For testing reactive oxygen species production, cells collected from day 6 cultures were treated with lipopolysaccharide (LPS) (1 μM for 24 h) and then were incubated for 30 min at 37 °C in PBS containing 25 μM DCFH-DA. Thereafter, cells were washed with PBS two times and subjected to flow cytometry.

2.4. Morphological observation by Liu\'s stain and light microscope {#s0040}
-------------------------------------------------------------------

Cells were centrifuged onto microscope slides by a Cytospin centrifuge (Shandon Inc., Pittsburgh, PA), stained with Wright--Giemsa solution, and observed under light microscopy (Olympus, Tokyo, Japan). Photographs were taken with a digital camera and shown at a magnification of 1000 ×.

2.5. Morphological observation by transmission electronic microscopy {#s0045}
--------------------------------------------------------------------

Macrophages were harvested by trypsinization, washed and fixed with cold 3% glutaraldehyde in 0.11 M cacodylate buffer for 30 min. After being rinsed in PBS, cells were postfixed in osmium tetroxide (1%) and embedded in Epon resin (Energy Beam Science, Agawam, Massachusetts). Semithin sections were cut, stained with 0.5% toluidine blue, and examined under a light microscope (BX51, Olympus, Tokyo, Japan). Ultrathin sections were stained with 2% uranyl acetate and Reynold\'s lead citrate and observed with a transmission electron microscope (JEM-1200EXII, JEOL Co., Tokyo, Japan).

2.6. Western blotting {#s0050}
---------------------

Whole cell lysates were isolated from macrophages after treatment with various concentrations of sorafenib. The protein concentration was determined by a bicinchoninic acid (BCA) assay kit (Pierce, Rockford, Illinois). Equal amounts of proteins (50 μg in each lane) were electrophoresed in 10% SDS-polyacrylamide gels. Then, proteins were transferred onto a nylon blotting membrane. The membrane was blocked with 5% de-fatted milk and immunoblotted with primary antibodies against microtubule associated light chain protein 3B (LC-3B)-I and LC3B-II (Cell Signaling Technology, Danvers, MA) at room temperature for 3 h. This was followed by incubation with horseradish peroxidase-labeled second antibodies (Transduction Laboratories) and development using the enhanced chemiluminescence system (Amersham Pharmacia, Piscataway, New Jersey). The conjugated form of LC3 is called LC3-II to distinguish it from the unconjugated form (LC3-I) and has faster mobility on SDS gels.

2.7. Detection of cytokines produced by macrophages {#s0055}
---------------------------------------------------

The levels of IL6, IL10, TGF-β, and TNF-α in the cultured-macrophage supernatant were measured using enzyme-linked immunosorbent assay (ELISA) (R&D Systems) according to the manufacturer\'s instructions.

2.8. Phagocytosis {#s0060}
-----------------

The phagocytic activity was measured according to the methods previously published. Briefly, yeast was heat-inactivated to diminish infectivity to avoid confusion with phagocytosis. Yeast suspension was prepared in PBS at a density of 1 × 10^8^/mL as a stock. The macrophages collected from day 6 cultures were treated with lipopolysaccharide (LPS) (1 μM for 24 h), washed, re-suspended (1 × 10^6^/mL) in an FCS-containing RPMI1640 medium and incubated with the yeast suspension (4 × 10^6^/mL) at 37 °C for 30 min. Cells were then placed on a glass slide and observed under an inverted microscope (ECLIPSE TS100, Nikon, Tokyo, Japan). The total numbers of phagocytotic yeasts were counted out of 200 cells.

2.9. Statistical analysis {#s0065}
-------------------------

The results are expressed as means ± standard errors of the means (SEMs). Comparison in each experiment was performed using an unpaired Student\'s *t*-test. A *p* value of less than 0.05 was considered statistically significant.

3. Results {#s0015}
==========

3.1. Sorafenib affected the viability of human macrophages {#s0070}
----------------------------------------------------------

The viability of macrophages was mildly increased after treatment with low and intermediate doses of sorafenib (2.5 and 5 μM) in comparison with the control group. However, higher concentrations of sorafenib (10 μM) significantly inhibited the cell viability of macrophages (left panel of [Fig. 1](#f0005){ref-type="fig"} ). In another set of experiment, 7.5 μM sorafenib was added and it showed that sorafenib significantly inhibited the viability of macrophages during the time course (right panel of [Fig. 1](#f0005){ref-type="fig"}).Fig. 1Effect of sorafenib on macrophage viability. After treatment with sorafenib (0, 2.5, 5.0, 7.5, and 10 μM), the monocyte-derived human macrophages were harvested on day 7 and the number of viable cells was counted using the trypan blue test. In the right panel, cells were treated with 7.5 mM sorafenib and harvested on days 1, 3, and 5 for the same test. Data from the three separate experiments were expressed as means ± SEMs. \**p* \< 0.05 vs. DMSO control group.

3.2. Sorafenib induced autophagy in human macrophages {#s0075}
-----------------------------------------------------

Morphologically, sorafenib-treated macrophages exhibited extensive development of cytoplasmic vacuoles ([Fig. 2](#f0010){ref-type="fig"}A). Such morphological changes raised the concern that autophagy might exist in sorafenib-treated macrophages. These cytoplasmic vacuoles were further examined under transmitted electron microscopy, and double-membrane structures containing organelle components, characteristics of autophagosomes, were identified in sorafenib-treated macrophages, whereas only empty single-layer vacuoles were noted in the control group ([Fig. 2](#f0010){ref-type="fig"}B). By using acridine orange staining, the formation of acidic vesicular organelles (AVO) in macrophages was demonstrated ([Fig. 3](#f0015){ref-type="fig"} ). Microtubule-associated protein 1 light chain 3 (LC3) is the corresponding mammalian homologue of yeast autophagy protein Atg8, which aggregates to autophagosome membranes when autophagy occurs. Western blotting showed an increase in the conversion of free cytosolic LC3B (LC3B-I) to phosphatidylethanolamine-conjugated LC3B (LC3B-II) in a dose-dependent manner ([Fig. 4](#f0020){ref-type="fig"} ). The increase of LC3 I lipidation persisted to at least day 7. Taken together, they suggest that sorafenib could induce autophagy in human macrophages.Fig. 2Morphological alteration of macrophages by sorafenib. (A) Morphology of macrophages, which were treated with 2.5, 5, 7.5, and 10 μM sorafenib (magnification 1000 ×). Macrophages were stained with Wright--Giemsa solution and observed under a light microscope. (B) Morphology of macrophages observed under transmitted electron microscopy. Macrophages were treated with 7.5 μM sorafenib for 4 days. Empty vacuoles with a monolayer membrane were observed in untreated cells. Numerous autophagic vacuoles with a typical double-layer membrane containing organelle remnants were noted.Fig. 3Acridine orange staining of acidic component of vacuoles. Representative flow cytometry data showed the acridine orange fluorescent intensities after treatment of sorafenib for 7 days. Similar results were obtained in three independent experiments.Fig. 4Lipidation of LC3-I in macrophages by immunoblotting. Macrophages were treated with sorafenib (0 to 10 μM for 1, 4, and 7 days) and serum starvation, and then subjected to immunoblot analysis using anti-LC-3B antibody and anti-GAPDH antibody.

3.3. Sorafenib suppressed the CD80 expression and function of activated macrophages {#s0080}
-----------------------------------------------------------------------------------

We next investigated whether sorafenib can affect classical activation of macrophages or not. Sorafenib downregulated the expression of surface co-stimulatory molecule CD80 in a dose-dependent manner ([Fig. 5](#f0025){ref-type="fig"}A). The function of activated macrophages was inhibited by sorafenib in terms of phagocytosis ([Fig. 5](#f0025){ref-type="fig"}B) and the production of reactive oxygen species ([Fig. 5](#f0025){ref-type="fig"}C).Fig. 5Expression of surface antigen CD80 and assessment of function in macrophages. (A) Expression of surface molecule CD80 on monocyte-derived macrophages. (B) Effect of sorafenib on phagocytosis. (C) Effect of sorafenib on LPS-induced production of reactive oxygen species. Data from three separate experiments were expressed as means ± SEMs. \**p* \< 0.05 vs. DMSO control group.

3.4. Sorafenib affected the secretion of cytokines of human macrophage {#s0085}
----------------------------------------------------------------------

The level of secreted IL-10 was reduced by sorafenib treatments. However, the levels of IL-6, TNF-α and TGF-β demonstrated no significant changes ([Fig. 6](#f0030){ref-type="fig"} ).Fig. 6Production of cytokines by macrophages. The levels of IL-6, IL-10, TGF-β1 and TNF-α in the DC supernatant were measured using enzyme-linked immunosorbent assay (ELISA) (R&D Systems, HS120, D1000B) according to the manufacturer\'s instructions. \**p* \< 0.05 vs. DMSO control group.

4. Discussion {#s0020}
=============

Sorafenib, an oral small-molecule target therapeutics against cancer, induced autophagy in human macrophages accompanied by cell death and suppressed function.

The role of autophagy in macrophages has been characterized. The development of autophagy could recognize and restrict viral, bacterial, and parasitic infection inside macrophages [@bb0060], [@bb0065], [@bb0070]. By contrast, some viruses have the capability to subvert autophagy to survive, such as severe acute respiratory syndrome coronavirus [@bb0075]. Thus, the role and function of autophagy in macrophages remain controversial and need to be clarified. It implies that pharmacological manipulation of macrophages by inducing autophagy might have the potential to benefit the disease outcome of clinical immunological disorders. However, the phenomenon of autophagy induction and the candidate agents to induce autophagy in macrophages have not been reported. In our preliminary study, sorafenib could induce autophagy in both macrophages and dendritic cells (data not shown), indicating a potential role modulating innate immunity. Furthermore, the sorafenib-induced autophagy in human macrophages could be categorized as autophagy-associated cell death.

The polarization of macrophages by classical activation and alternative activation pathways differs by function and phenotype [@bb0080], [@bb0085]. For the classical activation of macrophages, endotoxin LPS has been applied as a standard activator. We demonstrated that sorafenib induced autophagy of macrophages in steady state. The function of classically activated macrophages was also declined. Whether this effect extends to that of the alternative activation of macrophages or not remains to be determined. Particularly, macrophages, which have been deviated to the phenotype of alternative activation within a tumor microenvironment, may have various responses to sorafenib treatments.

Given that sorafenib is a currently recommended targeted therapeutic agent against cancer, the safety and adverse effects have been elucidated. Our results suggest that the finding of autophagy-inducing activity in macrophages could be extended to two clinical aspects of use. Firstly, the safety consideration on immunotoxicity of sorafenib during cancer treatment could be further examined. Secondly, the immunosuppressive effect of sorafenib on macrophages may shed a light on treating diseases with unwanted immune responses, such as autoimmune disorders or rejection of organ transplantation.

In conclusion, sorafenib can induce autophagy and modulate the function of human macrophages. The possible role of this unmet immunomodulatory effect needs further elucidation.
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